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Outline
• Why Muon Charged Lepton Flavor Violation (CLFV) ?

• MEG II @ PSI : 

• Mu3e @PSI : 

• COMET @ J-PARC :  Conversion

• Summary

μ+ → e+γ
μ+ → e+e+e−

μ− → e−
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Why Muon CLFV ?



New Physics Scales for CLFV
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5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [257]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [258–261]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

EPPSU2019 Physics Briefing Book
light colour: present

dark colour: future prospect

CLFV probes very high energy scale 
of new physics.

Future Prospect 
x10 in energy scale

SM forbidden rate ∝
c2

Λ4

x10000 in experimental sensitivity

Present CLFV physics scales

Λ = 𝒪(103 − 104) TeVEnergy scale



dipole interaction
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Figure 4. – Schematic representation of the contribution to processes such as `i ! `j`k`k and
µ ! e conversion arising from a flavour-violating dipole operator and, conversely, to `i ! `j�
from 4-fermion operators.

by more than two orders of magnitudes, in order to provide a more stringent constraint
than the one currently given by µ ! e�. This is due to the fact that, if the dipole
operator dominates, the rates of µ ! eee and µ N ! e N are suppressed by a factor of
order ↵ with respect to µ ! e� [121], as it can be intuitively understood from Figure
4(12):
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Therefore the MEG bound on BR(µ ! e�) translates – within this scenario – to a
limit to the above observables at the 10�15 level. Conversely, a measurement of the
rates of µ ! eee and µ N ! e N much above that value would clearly signal that the
source of CLFV is not the dipole operator Qe� , rather some of the 4-fermion operators
listed in Table IV(13). This would rule out large classes of models, such as the typical
supersymmetric frameworks that we will discuss in section 5. A graphical representation
of present and forecast limits on the coe�cient of the dipole operators from µ ! e
observables is shown in Figure 5.

The above considerations are based on the rather unrealistic hypothesis that new
physics e↵ects are encoded in a single operator. Although this can be approximately true
in certain scenarios, yet the coe�cients of the operators in Table IV are in general not
independent due to radiative e↵ects. Such e↵ects – summarised by the renormalisation

(12) For full calculations of the µ ! e conversion rates in di↵erent nuclei, see [109, 122, 123].
(13) As a matter of fact, there are several new physics models where such operators arise at the
tree level, thus with much larger coe�cients than the dipoles that can only be loop induced.
Some examples will be mentioned in section 6.

µ� e�
γ

 CLFV Golden Processesμ → e

μ−N → e−N

μ+ → e+γ
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contact interaction 

μ+ → e+e+e−
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MEG II, Mu3e and COMET



LFV,Why ?
LFV,Why ?

µ→eγ 



MEG II : μ+ → e+γ
Event Signature (  decay at rest)


 (=52.8 MeV)

angle =180 degrees

time coincidence 


Backgrounds

physics background, 

accidental background


 in  and 

 in  or AIF


Current limit

MEG experiment at PSI


μ+

Ee = Eγ = mμ/2
θeγ

Δteγ

μ+ → e+ννγ

e+ μ+ → e+νν
γ μ+ → e+ννγ

B(μ+ → e+γ) < 4.2 × 10−13
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MEG II  : 

x2 muon beam intensity

x2 all detector resolution

x2 efficiency

B(μ+ → e+γ) < 6 × 10−14

�
µ+e+

Signature

�
µ+e+

�

�

�

µ+e+

�

�

Backgrounds

x2 Resolution 
everywhere

New electronics:
Wavedream
~9000 
channels at 
5GSPS

Single volume 
He:iC4H10

35 ps resolution

w/ multiple hits

Full available

stopped beam 
intensity

7 x 107

Better uniformity w/

12x12 VUV SiPM

Updated and
new Calibration 
methods
Quasi mono-
chromatic positron 
beam

x2 Beam Intensity 

Background rejection

MEG II



MEG II Detector Upgrade
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Timing counter : 

σT ∼ 35 ps

Cylindrical drift chamber

Drift chamber
New DAQ/trigger systemRDC detectorLiquid Xenon Photon 

Detector



accumulated muons stopped on the target

MEG II physics run 2022
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• MEG II Physics Run 2022

• the longest run so far

• x3 of the MEG II 2021 run

• > the MEG longest run in 2012

Timeline

•Physics runs in 2021,2022,2023 - 2025,(2026)

•PSI HIPA accelerator shutdown for the HiMB 

installation in 2027-2028

• Exotic Particle Searches with MEG II

• 

• 

• 

• The X17 new boson (w/o a muon beam)

μ+ → e+X; X → γγ
μ+ → e+a
μ+ → e+aγ

A. Baldini et al. (MEG Collaboration), 
Eur. Phys. J. C80 (2020) 858

Gianluca Cavoto - MEG-II experiment

Beyond MEG-II

21

! More intense beam (up to 1010 muon per second) 
being investigate at PSI and FNAL
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MEG-II detector
calorimetry
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0
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, TPC vtx (opt))

0
conversion (10 layers, 0.05 X

Photon Conversion
Low efficiency (~ %)
Extreme resolutions

+ eγ Vertex

MEGA/Mu3e

Calorimetry
High efficiency

Good resolutions

MEG: 
LXe calorimeter
10% acceptance

G. Cavoto, A. Papa, FR, E. Ripiccini and C. Voena 
Eur. Phys. J. C78, 37 (2018) 

M. Aiba et al. 
arXiv:2111.05788 

• Beyond MEG II

• O(1010) muons

• photon detection


• conversion

• calorimeter

G. Cavoto, A. Papa, F. Renga, E. Ripiccini, C. Voena, Eur. Phys. J. C (2018) 78:37 
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µ→eee



 ; Mu3e at PSI μ+ → e+e+e−
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• Event Signature (  decay at rest)

•   and 

• common vertex and time coincidence


• Backgrounds

• Physics backgrounds, 



• Accidental backgrounds from Michel 

decays + Bhabha scattering

• Current limits (from SINDRUM at PSI), 


•  (90% C.L.)

• 1988


•  Spectrum to be detected

• depends on the models

• low momentum threshold, important

μ+

∑ Ee = mμ ∑ ⃗pe = 0

μ+ → e+νeνμe+e−

B(μ → eee) < 1.0 × 10−12

μ → eee

Detector - recurl stations

Target

µ
+ beam

Scintillating fibres

Inner pixele
+

e
+

e
−

Outer pixel layersRecurl pixel layers

Scintillator tiles

layers
Tiles

σt < 100 ps

Particles bend back in magnetic field:

• Dedicated ’recurl’ stations

• Improve momentum resolution

(factor 5-10 improvement)

constraint on radius:

pixel size (min σp)

Two recurl stations:

• Two pixel layers (same as outer

layers of central station)

• + scintillating tiles

• σt < 100 ps

• Suppress accidentals
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Mu3e Phase I   with 108 µ/s (πE5)𝒪(10−15)

• Ultra thin pixel detector (0.01X0 per layer)

• High-Voltage Monolithic Active Pixel Sensors


• Fiber timing detector (250 ps)

• Scintillator tile timing detector (50 ps)

• 1 T superconducting solenoid

Search for LFV with Mu3e experiment
NUFACT 2021.09.07

Alexandr Kozlinskiy (JGU Mainz, Institut für Kernphysik)

on behalf of the Mu3e Collaboration



Mu3e Phase I Sensitivity
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• Exotic searches at Mu3e

• 

• resonance search 

μ+ → e+a
μ+ → e+ννa; a → e+e− arXiv:1812.00741

Muon Decay: μ+ → e+e+e−
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• Event Signature 
•  ΣEe = mμ and ΣPe = 0 (vector sum) 
• common vertex and time coincidence 

• Backgrounds 
• Physics backgrounds,  
• Accidental backgrounds 

• Current limits (from SINDRUM at PSI) 
•  (90% C.L.) 

• Mu3e at PSI 
• Phase-I:  with 108 µ/s (πE5) 
• Phase-II:  with 1010 µ/s (HiMB)

μ+ → e+νeνμe+e−

B(μ → eee) < 1.0 × 10−12

$(10−15)
$(10−16)

Detector - recurl stations

Target

µ
+ beam

Scintillating fibres

Inner pixele
+

e
+

e
−

Outer pixel layersRecurl pixel layers

Scintillator tiles

layers
Tiles

σt < 100 ps

Particles bend back in magnetic field:

• Dedicated ’recurl’ stations

• Improve momentum resolution

(factor 5-10 improvement)

constraint on radius:

pixel size (min σp)

Two recurl stations:

• Two pixel layers (same as outer

layers of central station)

• + scintillating tiles

• σt < 100 ps

• Suppress accidentals
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Sensitivity

• Combine 3 long tracks

• Fit vertex and apply cut on vertex time

• + other cuts to suppress Bhabha background

95 100 105 110
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 muon stops1510
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Mu3e Phase I Simulation
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Search for LFV with Mu3e experiment
NUFACT 2021.09.07

Alexandr Kozlinskiy (JGU Mainz, Institut für Kernphysik)

on behalf of the Mu3e Collaboration

Performance (simulation)
Expected Sensitivity Mu3e Phase I

ICHEP 2022 Sebastian Dittmeier - Heidelberg University 7

Sensitivity

Search for LFV with Mu3e experiment
NUFACT 2021.09.07

Alexandr Kozlinskiy (JGU Mainz, Institut für Kernphysik)

on behalf of the Mu3e Collaboration



Mu3e Preparation Status
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Timeline

•Integration run in 2021

•Cosmic run in 2022

•Phase I commissioning in 2024

•Phase I physics run in late 2024

•HiMB installation in 2027-2028

silicon pixel trackerdetector solenoid and 

detector integration

SciFi timing counter

scin. tile counter

High Voltage Monolithic Active Pixel Sensor (HV-MAPS)

Fast charge collection in small active region

Fully integrated digital readout

Thinned to 50 µm
only 1.15 ‰ of radiation length
incl. flexprint and support
structure

Active sensor size 2 cm ⇥ 2 cm
Pixel size 80 µm ⇥ 80 µm

P-substrate

N-well

Particle

E !eld

8/20 NuFact 2022 Searching for cLFV with Mu3e A. Perrevoort (ann-kathrin.perrevoort@kit.edu)

Pixel Detector

silicon pixel board (50 µm)

Search for LFV with Mu3e experiment
NUFACT 2021.09.07

Alexandr Kozlinskiy (JGU Mainz, Institut für Kernphysik)

on behalf of the Mu3e Collaboration



Mu3e Phase II
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Search for LFV with Mu3e experiment
NUFACT 2021.09.07

Alexandr Kozlinskiy (JGU Mainz, Institut für Kernphysik)

on behalf of the Mu3e Collaboration

• Ultimate sensitivity goal of BR < 1x10-16


• Upgraded Mu3e detector

• elongated recurl pixel station

• muon target with smaller radius

• thinner pixel detector


• muon intensity 2x109/sec from HiMB

• scheduled after 2029


• High Intensity Muon Beamline (HiMB) at PSI

• Surface muon (µ+) beam, O(1010) /s

• New target and new capturing solenoids

• Installation in 2027-2028

• Planned to be operational in 2029

HiMBMu3e Phase II
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µ→e conve
rsion

in 

a muonic 
atom 



What is  Conversion ?μ− → e−
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1s state in a muonic atom

�������

µ−

�

	��������	�
����

������
��������	��
�

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus
Event Signature : 
a mono-energetic electron

(one particle measurement allows higher muon rates.)


Backgrounds:
(1) physics backgrounds (muon decay in orbit)

(2) beam-related backgrounds 

(3) cosmic rays, false tracking

µ− + (A, Z)→ e− + (A,Z ) coherent process (for 
transition to ground state)

 nucleus Z CR limit
sulfur 16 7 x 10-11

titanium 22 4.3 x 10-12

copper 39 1.6 x 10-8

gold 79 7 x 10-13

lead 82 4.6 x 10-11

Eμe ≈ mμ − Ebound μ − Erecoil ≈ 105 MeV

CR(μ−N → e−N) ≡
Γ(μ−N → e−N)
Γ(μ−N → all)

Conversion rate:



COMET at J-PARC
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• (1) Proton target under 5 T solenoid 
field to collect many pions.


• (2) Muon transport : µ-s are 
momentum and charge selected by 
curved  solenoid.


• (3) Muon target: 17 aluminium disks.

• (4) Electron spectrometer : Electrons 

of 105 MeV/c are selected by curved 
solenoid.


• (5) Detector : straw chambers and 
followed an electron calorimeter.

COMET Phase-II

Decisions and
COMET

Ewen Gillies

New Physics
& CLFV

COMET
Design
Principles

New Tracking
Techniques
Neighbour-Level
GBDT
Hough
Transform
Track-Level
GBDT

Backup

Phase II Geometry

46 6

Proton beam, 8 GeV, 56kW 

O(1011) stopped muons/s

•x10000 from SINDRUM-II

•90% CL limit : < 4.6 x10-17

•Total background: 0.32 events

•Running time: 2x107sec

(5) straw chamber
(5) electron calorimeter

(3) muon target

(1) proton target

(2) muon transport 

(4) electron spectrometer 

• COMET= COherent Muon to Electron Transition

• Other physics: 

•  (CLFV and LNV)

• bound 

μ−N → e+N′￼

μ− → e−a



COMET Staged Approach
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Phase-I Phase-II (Phase-II)+
proton beam 8 GeV, 3.2 kW 8 GeV, 56 kW 8 GeV, 56 kW
proton target graphite tungsten tungsten

transport 
solenoid

90° bend 180° bend 180° bend
muons stop 1.2x109/s 1x1018 2x1011/s

run time 150 days 200 days 300 days
detector CyDet StrECAL StrECAL
90% CL <7x10-15 <4.6x10-17 <7x10-18

backgrounds 0.03 events 0.32 events 0.6 events

COMET Phase-I

7

COMET  
Phase-I

x100 from SINDRUM-II

Proton beam, 8 GeV, 3.2 kW

1.2x109 stopped muons/s

under construction

cylindrical drift chamber (CDC)

cosmic ray veto (CRV)

COMET 

proton beam 

commissioning

w/o


pion capture 
solenoid



COMET Phase-I : Status
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Pion Capture Solenoid Muon Transport Solenoid Electron Calorimeter straw chamber

cylindrical drift chamber cosmic ray veto

Timeline

•Phase-  in 2023 (finish last week!)

•Phase-I engineering run in 2024/2025

•Phase-I physics run start from 2024/2025

•Phase-II follows

α

First beam in 

COMET Phase-alpha

First beam in 

COMET Phase-alpha

February 11th, 2023



Summary

• Muon CLFV processes provide a unique discovery 
potential for physics beyond the Standard Model.


• The muon CLFV programs, MEG II, Mu3e, Mu2e and 
COMET,  are expecting significant experimental 
progress in coming years.

21

Thank you for 

your attention!

Thanks for Angela Papa and Andre Sheoning.


